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This  r epor t  was prepared as  par t  of the  task under N A S A  
Contract  N A S  3-6282, with NASA Lewis Research Center. 
Mr. Theodore Male was Technical Manager f o r  N A S A .  

The author  would l ike  t o  acknowledge the many ind iv idua l s  
i n  this l abora tory  who assisted i n  t h i s  research e f f o r t .  
Lothar Klein obtained the COS shock tube data. The high 
r e so lu t ion  measurements were made under the superv is ion  of 
H. J. Babrov by B. S. Rao. The gas c e l l  measurements and much 
of the data reduct ion were done by A. L. Shabott .  
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ABSTRACT 

The s t a t i s t i c a l  band model was used t o  es tabl ish quant i -  
t a t i v e  r e l a t i o n s h i p s  f o r  use i n  combustion gas ana lys i s ,  i n  
s i t u ,  f o r  propulsion research  app l i ca t ions ,  The necessary 
band model parameters, t o  re la te  i n f r a r e d  t ransmi t tance  t o  C o t  
and HzO concentrat ions were determined from 600'~ t o  2500'K a t  
4.40-p f o r  Cor! and a t  2.506-p and 2,854-p f o r  HzOo 

Improvements i n  the technique f o r  determining HaO concen- 
t r a t i o n s ,  using in t eg ra t ed  absorptance methods, and poss ib le  
modif icat ion of t h e  s t a t i s t i c a l  model r e l a t ionsh ips ,  were 
inves t iga t ed .  

t r a t i o n  determinations were a l s o  considered, 
The e f f e c t s  of non-absorbing broadening gases on concen- 
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I . INTRODUCTION 

Techniques t o  determine concentrat ions of chemical spec ies  
i n  a hot  gas, without t he  need for  removing a sample or  d i s -  
t u rb ing  the flow, are des i r ab le  f o r  many appl ica t ions ,  such as 
t he  s tudy of rocket nozzle k ine t i c s ,  supersonic combustion, and 
chemical r e a c t i o n s  i n  shock tubes. I n  previous work, w e  tested 
i n f r a r e d  combustion gas  ana lys i s  i n  s i t u  by determining concen- 
t r a t i o n s  of carbon dioxide i n  a combustion gas from measure- 
ments of i n f r a r e d  s p e c t r a l  absorptance (1). 
curve obtained by meaauring the absorptance of carbon dioxide 
heated i n  a gas c e l l ,  was used t o  determine t h e  C 0 2  concentra- 
t i o n s  i n  the combustion gas (1). - 

A c a l i b r a t i o n  

To use a purely empir ical  approach of s e t t i n g  up calibra- 
t i o n  curves f o r  i n f r a r e d  ana lys i s  i n  s i t u  would r e q u i r e  an 
impract icably l a r g e  number of experimental measurements f o r  a l l  
poss ib l e  temperatures, pressures,  and mixture r a t i o s .  To 
reduce the amount of da ta  required, use was made of t h e  theory 
of i n f r a r e d  band models (4). We appl ied  band model theory 
f i r s t  t o  descr ibe  the  absorptance of C 0 2  a t  constant  tempera- 
ture  ( 3 )  and then t o  include the v a r i a t i o n  of temperature (4) .  - 
The bazd model which b e s t  co r re l a t ed  the experimental da ta  
(3 )  was the  s t a t i s t i c a l  model ( 2 )  w i th  random l i n e  spacing, 
cons tan t  i n t e n s i t i e s ,  and constant widths.  A similar band 
model r e l a t i o n s h i p  was obtained f o r  water vapor a t  one tempera- 
ture (4) .  Using the  band model approach for determining com- 
bus t ion  gas  concentrat ions i n  s i t u ,  C o g  concentrat ions were 
determined i n  shock-heated gases (5 )  - . 
f o r  C02 and H20, and extended the  band model r e l a t i o n s h i p  f o r  
H20 t o  include temperature var ia t ions .  Improvements t o  the  
water vapor band model were also inves t iga ted .  

I n  t h e  p re sen t  work, we measured a d d i t i o n a l  band model da ta  

The band models and t h e  required parameters are reviewed 
i n  Sect ion 11. Methods t o  measure C02 and HzO band model param- 
eters and the r e s u l t s  obtained a r e  described i n  Sec t ions  I V  and 
V. The use of i n t eg ra t ed  absorptance f o r  determination of water 
vapor concentrat ion i s  discussed i n  Sec t ion  V I .  The inf luence  
of o p t i c a l l y  I n a c t i v e  species i n  the combustion gas i s  consid- 
ered i n  Sect ion V I I .  

11. STATISTICAL BAND MODEL RELATIONSHIP 

Detailed mathematical de r iva t ions  of the  s t a t i s t i c a l  model 
based upon spectroscopic  considerat ions have been given by 
Goody (2), - Plas s  (6 )  - and Oppenheim ( 7 ) .  - The r e s u l t i n g  equat ions 

n c 



USE OF INFRARED BAND MODELS TO DETERMINE He0 AND Cor 
CONCENTRATIONS I N  SITU AT HIOH TEMPERATURES 

Gunter J. Penzias 

The Warner & Swasey Company, Control Instrument Division 

SUMMARY 

The s t a t i s t i c a l  band m o d e l  was used t o  e s t ab l i sh  quanti-  
t a t i v e  re la t ionships  f o r  use i n  combustion gas analysis ,  i n  
s i t u ,  f o r  propulsion research applications.  The necessary band 
model parameters, t o  re la te  in f r a red  transmittance t o  COz and 
H.0 concentrations were determined from 600% t o  2500% a t  
4.40-p f o r  CO. and a t  2.506-p and 2.854-p f o r  H2O. 
model parameters were obtained from transmittance measurements 
of furnace-heated gases and shock-heated gases. 

The band 

A f i r s t  step was taken i n  the use of high reso lu t ion  water 
vapor measurements t o  obtain the desired band model parameters. 
Based on t h e  high reso lu t ion  measurements, a semi-theoretical  
s ing le  l i n e  approach was used t o  determine the  temperature 
dependence of the water vapor s t rength  parameters a t  2.506-p 
and 2.854-p. 

Improvements i n  the  technique for determining HaO concen- 
t r a t ions ,  using in tegra ted  absorptance methods, and possible  
modifications of the s t a t i s t i c a l  model re la t ionship ,  were 
investigated.  The s t a t i s t i ca l  model proved t o  be adequate. 
Techniques f o r  using integrated absorptance were established 
and integrated band model parameters were determined f o r  Ha0 a t  
2.5-p and 2.8-p a t  637% and 1273.K. 

t r a t i o n  determination were a l s o  considered. 
The effects of non-absorbing broadening gases on concen- 
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the  s p e c t r a l  i n t e r v a l .  
i s  the pressure  of t he  non-absorbing broadening gas, 

Pa i s  the pressure of absorber and Pb 

The S t a t i s t i c a l  model parameters So/d, voa/d and yob/d I n  
Eqs. ( 2 )  and ( 3 )  a r e  determined from t ransmi t tance  measurements 
made a t  a s p e c i f i e d  wavelength and temperature. 
can be r e w r i t t e n  

Equation (2) 

where C, constant  with pressure, i s  the  slope of a s t r a i g h t  

mixture r a t i o  and/or c e l l  length.  
unknowns, t ransmit tance measurements a t  three mixture r a t i o s  
and/or c e l l  lengths  must be made and the values  of C determined 
i n  order  t o  determine t h e  unknown parameters. 

solved have the  following form 

l i n e  t ha t  r e s u l t s  from p l o t t i n g  ln( l /T)  vs Pa f o r  a given 
Since there a r e  three 

From Eqs.  (2) and ( 4 )  we see t h a t  the equat ions t o  be 

ci ( 5 )  

where i = 1, 2, 3 correspond t o  3 measurements made a t  three 
d i f f e r e n t  mixture r a t i o s  and c e l l  lengths .  An i t e r a t i v e  method 
f o r  t h e  s o l u t i o n  of these equations has been descr ibed by 
Babrov (8). - 

To use t h e  s t a t i s t i c a l  model f o r  determining concentrat ion 
of gases  i n  a mixture, t he  band model parameters must be known 
over t he  temperature range of interest .  I n  p r inc ip l e ,  one 
could obta in  t h e  band model parameters from only three measure- 
ments. The accuracy of t h e  values obtained, however, depends 
on the s e n s i t i v i t y  of t h e  p a r t i c u l a r  experiments conducted. I n  
p r a c t i c e  t he  following experimental condi t ions  a r e  used t o  
obta in  maximum accuracy. 

1) 

2) 
of absorber,  sho r t  pa th  length  - low x (x < 0.1). 

P u r e  absorber and long path length  - high x (x > 5) .  

Large pressure of broadener r e l a t i v e  t o  t h e  pressure 

4 



per t inen t  t o  t h e  present  work are given below. 
research  ( 4 )  e s t ab l i shed  tha t  the  statistical model i s  appl ic-  
a b l e  t o  waTer vapor and COO t ransmi t tance  data. The s t a t i s t i -  
c a l  model r e l a t e s  the t ransmi t tance  T t o  absorbing pa th  l eng th  
4, absorber pressure  pa and fo re ign  gas  pressure Pb, using 
three spectroscopic parameters. 
by 

Previous 

The t ransmi t tance  T i s  def ined  

(1) I T s -  
IO 

where I, i s  t he  r e l a t i v e  i n t e n s i t y  of an inc iden t  beam of 
In f r a red  r a d i a t i o n  of narrow s p e c t r a l  width centered a t  w ,  a 
c h a r a c t e r i s t i c  v i b r a t i o n  frequency of the  gas, and I i s  the 
r e l a t i v e  i n t e n s i t y  of t he  t ransmi t ted  beam emerging from the 
gas. 

The s t a t i s t i c a l  model r e l a t i o n s h i p s ,  Including the e f f e c t  
of fore ign  gas  broadening a r e  a s  follows: 

where 

'b m = -  
'a 

-X f ( x )  = xe [Jo(ix) - i J l ( i x ) ]  

Jo( i x )  and J1( i x )  are Bessel func t ions  with imaginary arguments, 

So/d i s  the  l i n e  s t r e n g t h  parameter, yoa/d and Y o d d . a r e  t he  
half -width parameters f o r  self -broadening and fo re ign  gas 
broadening, respec t ive ly ,  per  u n i t  pressure and averaged over 

3 



ex ten t  t o  t h e  fore ign  gas broadening. 

The above d iscuss ion  pe r t a ins  t o  t ransmi t tance  measurements 
made a t  the  same wavelength and temperature. T o  ob ta in  the  
temperature v a r i a t i o n  of t ransmit tance a s  a func t ion  of path 
length,  pressure and concentration, it is necessary t o  perform 
a series of measurements as  described above a t  var ious tempera- 
t u r e s  and obta in  the band model parameters. The parameters can 
then  be graphed as  a func t ion  of temperature, f o r  i n t e r p o l a t i o n .  

The techniques descr ibed above have been used t o  obta in  
band model parameters f o r  COz and H20 and a r e  descr ibed i n  
s e c t i o n s  IV and V. The experimental approach t o  obtaining t h e  
necessary t ransmi t tance  da ta  are  s t rong ly  inf luenced by t h e  
accuracy requirements given above. 

111. INVESTIGATION OF IMPROVEMENT OF WATER VAPOR 
.BAND MODEL RELATIONSHIPS 

Improvement of the  band model procedures f o r  r e l a t i n g  
water vapor t ransmi t tance  t o  o p t i c a l  dens i ty  were inves t iga ted .  
Modification of the s t a t i s t i c a l  band model r ep resen ta t ion  of 
water vapor using a f i n i t e  ins tead  of an i n f i n i t e  number of 
l i n e s  i n  the s p e c t r a l  i n t e r v a l  was considered because of t h e  
l imi t ed  number of l i n e s  cont r ibu t ing  t o  t h e  HzO peak t ransmit-  
t ance  i n  t h e  wavelength i n t e r v a l s  studied. The s t a t i s t i c a l  
model r e l a t i o n s h i p  f o r  a f i n i t e  number of l i n e s  is ( 2 )  - 

Y *  
1 

Y*a + m A] f ( x )  
d 

N [I - (T ) ’ ]  = 2n Pa ( 9 )  

where N i s  t h e  number of l i n e s  i n  the s p e c t r a l  i n t e r v a l .  For a 
given c e l l  length  and mixture r a t i o ,  a p l o t  of $1 - (I) R ] v s  
Pa should r e s u l t  i n  a s t r a i g h t  l i n e  i f  t h i s  r e l a t i o n s h i p  i s  
v a l i d  f o r  the water vapor t ransmit tance data .  Several  va lues  
of N were t r i e d  and i t  was found t h a t  t h e  above r e l a t i o n s h i p  
d i d  n o t  improve t h e  f i t  of the experimental da ta  over t ha t  
previously obtained f o r  t h e  s t a t i s t i c a l  model w i t h  an i n f i n i t e  
number of l i n e s ,  Therefore, the s t a t i s t i c a l  model r e l a t i o n s h i p  
descr ibed i n  Sec t ion  I1 was used f o r  water vapor t ransmi t tance  
measurements. 

6 



3) 
of absorber, long path length' - high X. 

The aoouracy of So/d depends on measurements 2 and 3. The 
g rea t e r  the  r a t i o  of high x t o  low x0 the g rea t e r  the accuracy 
of the value determined fo r  So/d. The r a t io  of path length in 
t h e  two experlaents should be as great as possible,  This 
di f fe rence  i n  path length is desirable because one cannot 
achieve optimum accuracy by manipulation of mixture r a t i o  
alone. 

Moderate pressure of broadener r e l a t i v e  t o  preasm 

The value of yoa/d i s  determined f'rom the self-broadening 
experiment 1 above; the experiment with pure absorber. I n  t h i s  
experiment, x i s  high and Eq. (2) can be approximated by 

Therefore, t he  r e l a t i v e  e r ro r  i n  t h e  ha l f  width parameter i s  
twice t h e  r e l a t i v e  e r r o r  i n  I n  ;i- . 1 

The accuracy of Y'dd i s  Influenced by t he  m i x t u r e  r a t i o  
used i n  experiment 3, the  high x measurement. The r e l a t ionsh ip  
between the r e l a t i v e  e r r o r  I n  - and t h e  r e l a t i v e  e r r o r  i n  y ' d d  
I s  given by 

1 
7 

where 

It can be seen from Eq. (8) tha t  as  m goes t o  zero the e r r o r  i n  
y ' d d  increases rap id ly .  
the  determination of Y'dd the mixture r a t l o  used should be 
chosen so tha t  the t o t a l  half-width I s  due t o  a s ign i f i can t  

Therefore, t o  avoid large e r r o r s  i n  

5 



IV, DETWMINATION OF CO. STATISTICAL MODEL PARAMETERS 

The s ta t is t leal  model parameters, t o  relate spectral 
transmlttance t o  COS concentration, were obtained a t  4.40-p. 
Thirr wcrvelength was selected because: there is no in te r fe rence  
from atmospheric COS, t h e  transmittance is lowest (highest 
absorptance) a t  thirr wavelength, and there is least l n t e r f e r -  
enoe fiom CO (4.60~ fundamental band) and H& (6-p band) which 
may be present  i n  cumbustion gasee, 

The COS band model parameters were obtained from t rans-  
mittance measurements of hot COS using fwnace  heated gas 
cel ls  and a shock tube, The experimental systems used t o  
measure the  in f r a red  tranemittance of' 60. have been previously 
described (?4,2). The system previously used t o  measure 
shock veloc t zee  was Improved, 

The band model parameters obtained from these measure- 
ments, over the  temperature range from 600.~ t o  2500.K are 
shown I n  Pigs. 1 and'2. The strength parameter i s  p l o t t e d  
aga ins t  temperature i n  Pig, 1. Similar data f o r  t h e  half- 
width parameters are shown i n  Fig, 2, where the  r a t i o  of t h e  
half-width parameter a t  temperature T t o  i t s  values a t  1273.K 
is p lo t t ed  aga ins t  temperature, Note that the half-width 
parameter increases  w i t h  temperature, although i n  general, one 
expect8 the  half-width of a single l i n e  t o  decrease wi th  the 
increasing temperature. Th i s  apparently anomalous behavior of 
the  C02 half-width parameter i s  due t o  the increasing number 
of hot bands and the r e su l t i ng  decrease i n  the mean l i n e  
spacing, The half-width of a l i n e  may be decreasing wi th  
Increasing temperature, b u t t h e  mean l i n e  spacing i s  decreas- 
ing more rapidly.  

The data between 6 0 0 . ~  and 1273.K were obtained from 
measurements using furnace-gas cell-spectrometer system 3). 
Above 12'73.K, t he  shock tube system (described i n  ref. J4\; was 
used t o  determine the  s t rength parameter. These measurements 
were made under low x conditions ( sho r t  path and large pres- 
sure of broadener r e l a t i v e  to pressure of absorber). 
possible  t o  determine Se/d from these data s ince  a t  low x, 
f (x )  approximately equals X. Thus Eq, (2) reduces t o  

It i s  

P 4 1 In - = T d a  

To obtain the  half-width parameters a t  higher tempera- 
tures ,  high x (long p a t h )  measurements a r e  required.. Since 
the use of a s u f f i c i e n t l y  large diameter low pressure sec t ion  
i s  impractical ,  a mult iple  pass o p t i c a l  system was designed t o  
f i t  i n t o  t h e  ex i s t ing  shock tube system t o  provide a path 
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length suitable f o r  ob ta in ing  high x measurements. 
p l e  pass o p t i c a l  system i s  shown schematical ly  i n  Pig. 3. 
o p t i c a l  system c o n s i s t s  of two spherical calcium f l u o r i d e  
mi r ro r s  which are s u b s t i t u t e d  f o r  t h e  shock tube  windows pre- 
v ious ly  used i n  t he  low x measurements. Each mir ror  i s  alumin- 
i zed  over i t s  e n t i r e  surface except f o r  a small po r t ion  i n  the 
cen te r  of the mirror.  Energy from the source u n i t  i s  focused 
a t  t h i s  t ransparent  port ion,  and a f te r  three passes i s  refocus-  
sed a t  t he  t ransparent  s ec t ion  of t h e  second mirror.  

' c o r n e r  r e f l e c t o r ,  placed behind t h i s  mirror ,  d i s p l a c e s  the 
l i g h t  and r e t u r n s  it f o r  another three passes  t o  t h e  opening i n  
t he  first mirror. Thus, s i x  t r a v e r s e s  of the  o p t i c a l  path 
r e s u l t .  A three-pass system is  a l s o  i l l u s t r a t e d  i n  Pig. 3. 
The transmission of the six-pass o p t i c a l  system was compared t o  
the  transmission obtained using the sapphire windows i n  the low 
x experiments. 
three-quarters  (i.e. t ransmission = . 25). This  compares favor-  
ab ly  with t h e  t h e o r e t i c a l l y  predicted t ransmi t tance  of 0.28. 

s p e c t r a l  i n t e r v a l  used t o  obta in  the  low x data 
eter mechanical s l i t  widths of 0.5 mm and 1.0 mm I , a source 
more i n t e n s e  than a globar  i s  required. 
sources which can be used are e i ther  a Nerns t  glower o r  a 
carbon arc .  
about 3 t i m e s  t h a t  of a globar.  
a t  3000.K) t h i s  r a t i o  i s  7. 

Thus, the use of t h e  six-pass o p t i c a l  system wi th  a high 
i n t e n s i t y  in f r a red  source i s  a p r a c t i c a l  arrangement f o r  
achieving a long path i n  a shock tube system of conventional 
dimensions. The o p t i c a l  pa th  length  I n  our shock tube system 
i s  6.56 cm (2.6 inches) .  T h i s  provides a pa th  length  of 
39.4 cm using t h e  six-pass system. 

The multi- 
The 

The 

The globar  source i n t e n s i t y  was reduced by 

To accura te ly  measure the t ransmi t tance  over t h e  same 
spectroradiom- 

Two p r a c t i c a l  i n f r a r e d  

A t  4.40-c~ the  i n t e n s i t y  of a Nernst glower i s  
For a carbon arc (ope ra t ing  

v. DETERMINATION OF H20 STATISTICAL MODEL PARAMETERS 

To determine water vapor band model parameters, r eg ions  
where t h e  water vapor absorptance i s  s t rong  (i.e. t ransmi t tance  
i s  low) must be sought. T h i s  i s  complicated by the presence of 
water vapor i n  t h e  atmosphere which must be e l imina ted  from the 
o p t i c a l  path. T h i s  i n t e r f e rence  can be minimized by e i ther  
evacuating, or f l u sh ing  t h e  system wi th  an i n e r t  gas  such a s  
ni t rogen.  For p r a c t i c a l  app l i ca t ion  i n  combustion s tud ie s ,  
f l u sh ing  the o p t i c a l  path wi th  dry n i t rogen  i s  preferred. 

When t h e  o p t i c a l  path was f lushed  w i t h  dry ni t rogen,  
i n t e r f e r e n c e  from atmospheric H20 was el iminated i n  two wave.- 
l ength  regions, a t  2e506-v and 2.854-c~~ where t h e  ho t  water 
vapor absorptances were r e l a t i v e l y  strong. The t ransmi t tance  
i s  lower a t  2.854-p, than a t  2.506-b, which reduces the 
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experimental  e r r o r  f o r  t ransmit tance measurernenta a t  low water 
vapor uoncentrat ions.  
absorpt ion band. Therefore, when COa i s  present  i n  the  combus- 
t i o n  gas stream, measurements must be made a t  2.506-p, where 
CO1 does not i n t e r f e r e .  Because of i n t e r e s t  i n  hydrogen-air 
combustion, It wa8 f e l t  t h a t  the a d d i t i o n a l  e f f o r t  I n  obtaining 
d8ta a t  two wavelongtha l a  u s t i f i e d ,  Typloal water vapor 

respeot ive ly .  The band model parameters were obtained from 
th18 type of t r r n m i t t a n o e  data, 

However, a t  2.854-p.8 COS a l s o  has an  

epeotra  a t  2.5O6-b and 2.85 d -p are shown i n  F i g s .  !I and 5 

Measurement of Water vapor t ranamit tances  a r e  s t rong ly  
dependent upon the a p m t r a l  reso lv ing  power of the instrument 
used t o  obtain the  data, The narrower the s p e c t r a l  s l i t  width, 
the higher the measured abeorptanoe, The spectra i l l u s t r a t e d  
i n  Figs. 4 and 5 were obtained with a s p e c t r a l  s l i t  width of 
approximately 2 cm'l, which i s  a p r a c t i c a l  upper l i m i t  t o  the  
r e s o l u t i o n  t h a t  can r e a d i l y  be achieved with standard grating 
instrumentat ion.  Accordingly, t h i s  r e so lu t ion  was used t o  
ob ta in  the t ransmit tance data  f o r  determining the band model 
parameters a t  2,506-p and 2.854-p. 
were measured a t  the points  shown i n  Pigs. 4 and 5. When these 
data are t o  be applied t o  determining water vapor concentra- 
ti0118 i n  s i t u ,  the  same s p e c t r a l  r e s o l u t i o n  must be ueed. 
Because of t he  s e n s i t i v i t y  of the t ransmit tance measurement t o  
instrument proper t ies ,  t he  use of i n t eg ra t ed  absorptance r a t h e r  
than peak t ransmit tance measurements was inves t iga ted .  T h i s  is 
descr ibed i n  Sect ion VI .  

The peak t ransmit tances  

Using t h e  techniques descr ibed i n  Sect ion I1 above, water 
vapor t ransmit tances  were measured a t  2.506-p and 2.854-p a t  
1273.K and 637% using furnace heated gas c e l l s .  The furnace-  
gas cel l -spectrometer  system previously used (4)  l imi t ed  the 
high x water vapor t ransmit tance measurements 50 an eight- inch 
path length. T h i s  experimental apparatus  was modified t o  
permit measurements t o  be made f o r  path lengths  up t o  48 inches,  
which improves the accuracy of t h e  determinat ion of the half-  
width parameters. The modifled furnace-gas cel l -system con- 
sists of two furnaces  i n  series with a t r i p l e  pass o p t i c a l  
system f o r  each furnace. (The triple-pass o p t i c a l  system i s  
shown schematical ly  i n  Pig. 3.) 
placed i n  eaoh furnace a t o t a l  path length of 48 inches I s  
obtainable ,  The experimental setup i s  shown i n  Fig. 6. 

Thus, when an 8-inch c e l l  IS 

Using the water vapor t ransmit tance da ta  obtained with 
t h i s  modified system, the s t a t i s t i c a l  m o d e l  parameters were 
determined a t  2,506-b and 2,854-p. 
i n  Table 1. Note the d i f fe rences  between the  half-width param- 
eters and thoee previously obtained ( 4 )  a t  2,854-p. These 
d i f f e r e n c e s  are due t o  the  shorter paTh length u s e d ' i n  the 
previous measurements. The 3s change i n  the s t r eng th  parameter 

The r e s u l t s  are presented 
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i s  due t o  t h e  d i f f e rence  i n  the s p e c t r a l  r e s o l u t i o n  used t o  
obta in  t h i s  new da ta .  While t h i s  i s  a small  d i f f e rence ,  it 
i n d i c a t e s  the  need t o  match t h e  s p e c t r a l  s l i t  width when apply- 
i n g  these da ta  t o  determining water vapor concentrat ions.  

t u r e s  h i  her than 1273.K ( the  l i m i t  of standard commercial 
furnaces  k e i t h e r  shock tubes or  burners must be used. Burners 
a r e  l imi t ed  because of t h e  d i f f i c u l t y  i n  obta in ing  isothermal  
samples and u n c e r t a i n t i e s  i n  the isothermal path length.  I n  
a d d i t i o n  i t  i s  d i f f i c u l t  t o  vary the temperature, path length,  
and mixture r a t i o  over the range requi red  by the band model 
f i t t i n g  technique described i n  Sec t ion  11. Shock tubes have 
the advantage i n  ease of c o n t r o l l i n g  concent ra t ions  and temper- 
a t u r e s  a s  w e l l  as  having a c l e a r l y  defined path length .  
However, because of the  sho r t  tes t  t i m e  ava i l ab le ,  measurement 
techniques a r e  d i f f e r e n t  than those  employed i n  the  usua l  
s teady  s t a t e  gas c e l l  measurements. 
synchronous de tec t ion  system l i m i t s  the  accuracy of t h e  t r a n s -  
mit tance measurements. The a d d i t i o n a l  requirement t o  maintain 
t h e  narrow s p e c t r a l  s l i t  width,  l i m i t s  t he  energy c o l l e c t e d  by 
the  spectrometer . 

To obta in  water vapor band model parameters a t  tempera- 

The need t o  use a non- 

Because o f  t h e  experimental obs t ac l e s  i n  ob ta in ing  water 
vapor t ransmit tance data  above 1273.K, an a l t e r n a t i v e  approach 
f o r  determining t h e  band model s t r e n g t h  parameter, a s  a 
func t ion  of temperature, was used. Twelve l i n e s  c o n t r i b u t e  t o  
t h e  peak t ransmit tance a t  2,854-p (3503 cm-1 
l i n e s  cont r ibu te  t o  the peak t ransmi t tance  a t  2.50 -p (3990 cm-1 
group). I f  the s t r eng th  of each of t hese  ind iv idua l  l i n e s  were 
known a t  one temperature, i t  would be poss ib l e  t o  c a l c u l a t e  the 
l i n e  s t r eng ths  a t  any o ther  temperature,  T h i s  information 
would allow us t o  determine t h e  temperature dependence of t h e  
s t r e n g t h  parameter, thereby g r e a t l y  reducing the number of 
experimental c a l i b r a t i o n  measurements required.  Theore t ica l  
c a l c u l a t i o n s  of water vapor l i n e  s t r eng ths  i n  t h e  2.7-b band 
have been made (lO,ll), -- however, experimental measurements t o  
v e r i f y  these ca l cu la t ions  were nonexistant.  
determine the strengths of t h e  water vapor l i n e s  i n  the two 
wavelength regions of i n t e r e s t  t o  t h i s  study, high r e s o l u t i o n  
measurements were made using t h e  high r e s o l u t i o n  spectrometer 
a v a i l a b l e  i n  t h i s  laboratory.  

and a 

To experimentally 

The high r e s o l u t i o n  spectrometer system c o n s i s t s  of a 
vacuum monochromator, de t ec to r  s ec t ion  and vacuum source u n i t .  
The monochromator i s  of Czerny-Turner design wi th  a 1.5 meter 
f o c a l  length  employing a rec tangular  grating having a ru l ed  
area of 154 mm x 206 mm w i t h  150 lines/mm and blazed a t  6.0-p 
i n  t h e  f i r s t  order. The monochromator can be evacuated t o  a 
pressure of l e s s  than . 5 - ~  H g  using an o i l  d i f f u s i o n  pump and 
a l i q u i d  ni t rogen cooled t r ap .  The vacuum source u n i t  con ta ins  
a furnace  t o  heat t h e  gas  samples contained i n  a gas  c e l l  and a 

. 

a 
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Nernet glower as the infrared source f o r  transmission measure- 
ment, The r e s idua l  water vapor i n  the source u n i t  i s  elimina- 
ted through the use of combined evacuation and f lushing with 
nitragan. 
been oompletely eliminated In t h e  s p e e t r a l  i n t e r v a l s  ot 
i n t e r e 8 t  L e ,  2,506-p and 2,856-p), A gas handling system 

employed in conneutlon with the source uni t .  Thrmonochrom- 
a t o r  800tiOn o f  the  high reso lu t ion  spoctrometer is shown i n  
Fig, 7 and the vacuum 6oupce u n i t  i s  shown i n  P i g ,  8, 

The i n t e r f e r i n g  atmorpheria water vapor lines have 

f o r  i n t r  J ucing Water vapor i n t o  the gas c e l l a  (10) I s  

The reso lu t ion  of t he  spectrometer system is better than 
0.22 em-1 a t  3899 cm-1. We sucoeeded i n  separat ing the water 
vapor spectrum a t  2.506-p and 2.856-p i n t o  ind iv idua l  l i n e s  
and i n t o  severa l  l i n e a  grouped together. These are tabula ted  
i n  Table IX wlth the i so l a t ed  l i n e s  and l i n e  groups indicated,  

Water vapor absorptance measurements, f o r  the l i n e s  
grouped a t  2,506-p and 2,856-~, were made a t  423% and 1123.K 
using a l&inoh gas 'cell. From these measurements, integrated 
absorptance8 were determined for the Individual l i n e s  and l i n e  
groups l is ted i n  Table 11. U s i n g  standard techniques the  
strength of the individual  l i n e s  i n  the  two wavelength groups 
were then calculated and compared t o  t h e o r e t i c a l  s t rengths  
predicted by Maclay (10). - The r e s u l t s  are shown i n  Table 111. 

ment between the theo re t i ca l  and experimentally determined 
l i n e  str ngths a t  423.K and poor agreement a t  1123.K. 
3990 cmof group of l i nes ,  there  was good agreement a t  1123.K 
and poor agreement a t  423'K. It may be argued t h a t  the meas- 
ured values represent  the t rue  l i n e  s t rengths  a s  they have 
been determined experimentally. However, when the  423.K data 
was extrapolated t o  1123.K and the 1123.K data  extrapolated t o  
423'K, inconsis tencies  were revealed. 
experimental setup indicated posaible  e r r o r s  I n  measuring the 
furnace temperature, which could account f o r  the discrepancy 
between theory and experiment . 

Based on the high reso lu t ion  measurements, a s e m i -  
t h e o r e t i c a l  single l i n e  approach (4 )  was used t o  determine t h e  
temperature dependence of the wateF vapor s t rength  parameters. 
The high reso lu t ion  water vapor measurements were used t o  
determine the  r e l a t i v e  contr ibut ions of the l i n e s  t o  the peak 
transmittance for the group of l i n e s  a t  2,506-p and 2,854-p,. 
The lower state energies  of these l i n e s  were then mathematic- 
a l l y  averaged t o  y i e ld  the  temperature dependence r e l a t i o n s h i p  
f o r  the  s t r eng th  parameter. The r e s u l t s  are as  follows: 

For the l i n e s  grouped a t  3503,cm-1 there was good agree- 

For the 

A r eappra i sa l  of the 
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S o  S o  1 1 - d ( T )  (1273.K) (0.66 exp[-2557 (5 - 1 + 

S o  S o  1 1 1273 5/2 Qv(1273) 
- ( T )  = (1273.K) {exp[-2160 (- - -)I} (?) d T 1273 QJT) 

where T = temperature O K  and Qv = v i b r a t i o n a l  p a r t i t i o n  funct ion.  
Qv p l o t t e d  aga ins t  temperature t o  2000% i s  given i n  Fig. 9. The 
d a t a  of Benedict (12) - can be used t o  obtain.&,  a t  higher tempera- 
tures. 

The accuracies  of Eqs.  (11) and (12 )  were checked by com- 
S o  paring values ca l cu la t ed  from these equat ions t o  measured 

values  a t  637% and 2000'K. The comparison i s  shown i n  Table IV. 
The agreement varied from 3% t o  1 8  over t h e  temperature range 
of 637% t o  2000.K. 
accura t e  t o  within - + lO$ below 1273.K and within - + 20% above 
1273.K. 

It i s  estimated t h a t  Eqs ,  (11) and (12 )  are 

V I .  USE OF INTEGRATED ABSORPTANCE FOR WATER VAPOR 
CONCENTRATION DETERMINATION 

A s  mentioned i n  Sec t ion  V, water vapor t ransmi t tance  meas- 
urements are influenced by instrumental  a f f e c t s .  Accordingly, 
the  use of i n t eg ra t ed  absorptance r a t h e r  than peak t ransmi t tance ,  
for pred ic t ing  water vapor concentrat ions,  was inves t iga t ed  . 
Using in t eg ra t ed  absorptance e l imina tes  the necess i ty  of exac t ly  
matching t h e  s p e c t r a l  s l i t  width t o  t h a t  used t o  determine t h e  
s t a t i s t i c a l  model parameters when applying t h e  data t o  determin- 
i n g  water vapor concentrat ions i n  s i t u .  The s p e c t r a l  s l i t  width 
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may be somewhat l a r g e r  o r  smaller than 2 cm'l. 
s l i t  width can vary from 1 t o  5 cm-1 without a f f e c t i n g  the  
in t eg ra t ed  absorptance,  It has been shown tha t  the in t eg ra t ed  
absorptance i s  i n s e n s i t i v e  to  a change I n  spectral r e so lu t ion  
as long as the  absorptance I s  a t  or  near ze ro  a t  the  end 
p o i n t s  of the In t eg ra t ion  (13). - 

The s t a t i s t i c a l  band model r e l a t i o n s h i p s  given i n  
See,tion 11, Eqs. (1) and (2)  can be used t o  relate the 
i n t e g r a t e d  absorptance (Integrated t ranrmi t tance)  t o  water 
vapor concentrat lon,  path length and t o t a l  pressure. To 
ob ta in  the desired in tegra ted  absorptance data, the s p e c t r a l  
I n t e r v a l  of i n t e r e s t  I s  scanned and t h e  area under the t r ans -  
mi t tance  curve it3 measured. This  I s  i l l u s t r a t e d  schematic- 
a l l y  i n  Fig, 10. Referr ing t o  Pig, 10, the shaded areas a r e  
measured with a planimeter and t h e  Integrated absorptance A 
i s  given by 

The s p e c t r a l  

u I r a -  
u + T  

and 

. 
The 7 thus  determined is used I n  the p lace  of 7 i n  

Eq, (1). To determine the strength and half-width parameters, 
t h e  techniques and experiments descr ibed i n  Sect ion I1 are 
used wi th  t he  in t eg ra t ed  t ransmit tance data. The difference 
i s  tha t  the band model parameters obtained from peak t ransmlt-  
tance measurements w i l l  d i f fer  from those obtained us ing  the 
integrated t ransmit tance data. 

Using water vapor t ransmit tance data obtained w i t h  t he  
furnace-gas cel l -spectrometer  system, integrated t ranemit tance 
band model parameters were determined. The l i m i t s  of wave- 
l eng th  i n t e g r a t i o n  are indicated by the  dashed l i n e s  i n  
Figs. 4 and 5 f o r  the 2.5-p (3990 cm-1) and 2.86-lr. (3503 cm'l) 
wavelength regions.  
9 cm-1. 
below. 

The wavelength i n t e r v a l  I s  approximately 
The r e s u l t a n t  band model parameters a r e  tabula ted  



x i n t .  S' i n t .  a Yea Temperature 'K 

2.5-CL i n t e r v a l  0.070 0. 175 1273 

2.85-p i n t e r v a l  0.125 0.287 12'73 
2.5-p i n t e r v a l  0.074 0.184 637 

2.85-p i n t e r v a l  0.137 0.338 637 

The s t r e n  t h  parameter temperature r e l a t i o n s h i p s  given i n  
Eqs. (11) and 712) of Sec t ion  V cannot be used with t h e  above 
i n t e g r a t e d  band model parameters because of t he  d i f f e r e n c e s  i n  
t h e  s p e c t r a l  i n t e r v a l .  

A t  higher temperatures, i n t e g r a t e d  band model parameters 
could be obtained from shock tube measurements. For t h e  COP 
shock tube measurement, the minimum s l i t  width t h a t  could be 
used w i t h  t h e  spectroradiometer ( 9 )  using a globar  source was 
0.5 mm. 
t h i s  instrument the  mechanical s l i t  width must be 0.2 mm. T h i s  
reduces the  s i g n a l  i n t e n s i t y  by a f a c t o r  of 6.25. 
a r c  i s  subs t i t u t ed  f o r  t h e  globar,  the  source i n t e n s i t y  is 
increased by a f a c t o r  of twenty i n  t h e  2.7-p region. Thus, t h e  
n e t  improvement wi th  a carbon a r c  source would be 3.2. The 
s ix-pass  o p t i c a l  system must be used f o r  t h e  h igh  x measure- 
ment.  The transmission c h a r a c t e r i s t i c s  of t h i s  system a r e  such 
t h a t  t h e  source i n t e n s i t y  is diminished by a f a c t o r  of 3. The 
carbon a r c  s t i l l  would provide s u f f i c i e n t  i n t e n s i t y  t o  permit 
the  use of t he  s ix-pass  system i n  t h e  shock tube. 

To achieve a 9 wavenumbeF s p e c t r a l  slit width with 

If a carbon 

. 

Because of t h e  low absorptance c h a r a c t e r i s t i c s  of water 
vapor it would be  desirable t o  inc rease  the  o p t i c a l  path of t h e  
shock tube. 
t i o n )  could r e a d i l y  be increased t o  a diameter of 4 inches.  
T h i s  would r e s u l t  i n  a 24" path  length  f o r  the  high x measure- 
ments using the  s ix-pass  o p t i c a l  system. 

The shock tube low pressure sec t ion  (dr iven  sec- 

I f  shock tube measurements of water vapor t ransmi t tance  

One i s  also faced w i t h  the  experimental problem of 
a r e  made, t h e  slit func t ion  of t h e  monochromator must be r e c t -  
angular.  
in t roducing  a known concentrat ion of water vapor i n t o  the shock 
tube. While these are a t t endan t  problems, t he  use of a shock 
tube t o  ob ta in  water vapor band model parameters a t  high t e m -  
p e r a t u r e  appears f e a s i b l e .  
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where, Ps i s  the p a r t i a l  pressure of gas S requi red  t o  g ive  the 
of same absorptance a s  t h a t  produced by a p a r t i a l  pressure, 

n i t rogen  when the  absorber concentrat ion is t h e  same i n  the two 
samples. 
p re sen t  i n  the sample o ther  than ni t rogen.  

are  presented i n  Table V. We have a l s o  l i s ted  t h e  r a t i o  of 
self-broadened half-width t o  ni t rogen broadened half-width, 
sometimes c a l l e d  the self-broadening c o e f f i c i e n t  B (14), as a 
check of t h e  consistency between our measurements a n r t h o s e  of 
o the r  i nves t iga to r s .  The agreement i s  gene ra l ly  good. 

ph 

The summation i n  Eq. (16) is made f o r  ith species  

Re la t ive  ( t o  n i t rogen)  foreign broadening c o e f f i c i e n t  data 

V I I I .  CONCLUSIONS 

The s t a t i s t i c a l  band model r e l a t i o n s h i p  has been used t o  
desc r ibe  the COP t ransmit tance a t  4.40-p and the  band model 
parameters have been determined over the temperature range from 
6 0 0 ' ~  t o  25OO.K. The s t r eng th  parameters have been determined 
t o  an accuracy of 5% over t h i s  temperature range. 
d a t a  have been obtained up t o  1273.K. The p o s s i b i l i t i e s  of 
determining half-width da ta  f o r  C02 from shock tube  measure- 
ments was explored and the  experimental means f o r  obtaining t h i s  
data established. The use of a mul t ip le  pass o p t i c a l  system was 
shown t o  be p r a c t i c a l  f o r  obtaining high x data  wi th  a shock 
tube  system. 

Half-width 

Water vapor absorptances have been measured i n  gas c e l l s  
and the  t ransmit tance da ta  f i t t e d  t o  t he  s t a t i s t i c a l  band model 
a t  2.506-p and 2.856-p a t  637% and 1273'K. 
developed f o r  ex t r apo la t ing  the  s t r e n g t h  parameter t o  higher 
temperatures.  The accuracy of the temperature ex t r apo la t ion  was 
evaluated. A first  s tep was taken i n  the  use of high r e s o l u t i o n  
water vapor measurements t o  obtain t h e  desired band model param- 
eters. The success of t h i s  approach would great ly  reduce the 
number of experimental c a l i b r a t i o n  measurements requi red  t o  
ob ta in  these parameters. 

Formulas were 

Poss ib le  improvements i n  the s t a t i s t i c a l  band model r e l a -  
t i o n s h i p  f o r  water vapor were inves t iga ted .  The s t a t i s t i c a l  
model proved t o  be adequate. 

To e l imina te  t h e  inf luence  of instrumental  e f f e c t s  i nhe ren t  
i n  the  use of peak t ransmit tance measurements f o r  determining 
water vapor concentrat ions,  the use of integrated absorptance 
was inves t iga ted .  The techniques f o r  using i n t e g r a t e d  absorp- 
tance  were established and i n t e g r a t e d  band model parameters were 
determined a t  6 3 7 ' ~  and 1273.K. 
ments f o r  obtaining in tegra ted  band model parameters a t  higher 
temperatures was evaluated and found t o  be f e a s i b l e .  

The use of shock tube measure- 
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VII, BROADENING EFFECTS ON CONCENTRATION DETERMINATION 

The e f f e c t  of pressure broadening on the  absorption l i n e a  
due t o  the presence of specie8 other  than the absorber are 
included i n  the  s t a t i s t i c a l  model r e l a t i o n s h i p  by the  fore lgn  
gaa breadening half-width. 
ments discuesed above, the influence of nit rogen as the 
broadening agent was determined. 
the presenoe of other  broadening gasee, uaing r e l a t i v e  ( t o  
ni t rogen)  broadening i n  tha l5 t a t l~ t i ca l  model re la t ionships .  
The brosdenlng e f f e c t s  of oxygen, water vapor, and helium on 
COa absorptance, r e l a t i v e  t o  nitrogen, have been previously 
determined (3). 
e t  a1 (14) - azd Rusk (15). - 

I n  t h e  s t a t l a t i c a l  model r e l a t ionsh ips  described I n  
Section 11, the  half-width parameter y/d f o r  a binary mixture 
of abaorber and broadener 1 6  given by 

I n  the COS and water vapor measure- 

It l e  possible t o  account f o r  

Similar meaaurements have been made by Birch 

Nitrogen was used a8 the broadener for theeC02 and HzO measure- 
Y b  ments described I n  Sections I V  and V and ar f o r  ni t rogen was 

determined. If t he re  a r e  several  broadening gases present i n  
the sample Eq. (15) can be wr i t ten  as  

i s  the  self-  Yea where Pa is t he  pressure of absorber, 7 
broadening half-width parameter, i s  the nitrogen half-  
width parameter, 

Y b  

is  the ni t rogen pressure. *N* 
F i s  t h e  r e l a t i v e  ( t o  ni t rogen)  fore lgn  broadening 

coe f f i c i en t  of a non-absorbing gas S and I s  defined by 

pN 
pS 

I ? = -  

15 
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The information obtained t o  d a t e  f o r  C02 arid water vapor 
provides a good beginning f o r  applying t h i s  information t o  t h e  
determination of C02 and H20 i n  combustion gases.  The COz 
da ta  has previously been tested fo r  determinat ion of shock 
tube  concentration. 
supersonic combustion s tud ie s .  
condi t ions should p r e v a i l  and only the  H20 s t r e n g t h  pirameter  
i s  required.  

mine t h e  a p p l i c a b i l i t y  of i n f r a r e d  t ransmi t tance  measurements 
f o r  determining COS or H20 concent ra t ions  i n  s i t u  f o r  a 
p a r t i c u l a r  app l i ca t ion .  For example, i f  nozzle recombination 
s t u d i e s  a r e  being made, i t  i s  poss ib l e  t o  estimate the  t r a n s -  
mit tance f o r  f rozen and equi l ibr ium condi t ions  and eva lua te  
t h e  s e n s i t i v i t y  of the  i n f r a r e d  methods t o  d i s t i n g u i s h  
between t h e  two condi t ions .  

The H 2 0  da t a  should prove use fu l  f o r  
For t h i s  app l i ca t ion ,  low x 

The data contained i n  t h i s  r e p o r t  can be used t o  deter- 



TABLE I 

Sta t i s t ica l  Band Model Parameters for HpO 

2.506 3990 0.175 0.486 0.085 1273 
2.506 3990 0.184 0.706 637 

2.854 3504 0.311a) 0.61'j'b) 0.12c) 12'73 

2.854 3504 0.362 1,088 637 

a )  previous value 0,321 (2) 
previous value 0.444 (4 )  b) - 

c )  previous value 0 . ~ 0  (4)  - 



TABLE I1 

HLO Lines Measured With H i g h  Resolut ion Spectrometer 

a )  Lines i n  the 3504 cm'l group (2.854-p). 

v cm-I 

3499 73 s i n g l e  i s o l a t e d  l i n e  
3500.33 single i s o l a t e d  l i n e  
3501 . 02 s i n g l e  i s o l a t e d  l i n e  
3501*54 } 
3501 76 
3502*38 } 
3502.40 

t o  be t r e a t e d  as s i n g l e  isolated line 

t o  be treated as  s i n g l e  i s o l a t e d  l i n e  

3502.7'7 \ 

3503.05 
3503.28 

t o  be treated as  s i n g l e  i s o l a t e d  l i n e  

3504.12 

3504 74 

two l i n e s  a t  same v can be considered a s  
single i s o l a t e d  l i n e  
single Isolated l i n e  

3989 . 48 
3989 . 60 } 
3989.61 
3989 085 

3990.23 
3990.26 } 
3990 . 44 

t o  be treated a s  s i n g l e  I s o l a t e d  l i n e  

t o  be treated a s  single i s o l a t e d  l i n e  

3990.70 s i n g l e  i s o l a t e d  l i n e  

b 

20 
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TABLE I11 

High Resolution Measurement8 

Temp. ll23.K 

S'(theor:  meas) as) 

e 2486 
e 0214 . 0101 
e 2109 

.0561 . 1632 

e 0613 
e 1584 

00502 
e1238 

e 1173 
. 0101 
e 1170 
e 0072 

e0235 . 0256 
e 0276 
0777 

S'(theor1 
S ' ( meas) 

Temp. 423.K 

S o  ( theor 

e 1940 

e 1542 

e 1514 

e 0461 
e 1383 

e0525 
e 1623 

e 0987 

. 0019 
e 1211 

e0082 
e 0289 
e 0104 

. 0082 
e 0080 
e 0102 
0239 

 meas) as) 
~~ ~ 

e 17M 

1115 

e 1513 

e 0478 . 1412 

-0524 . 1577 

00891 

e 1237 

e 0109 
0395 

e 0015 

e 0154 

e 0121 
e0121 
e 0149 
0 0375 

So( theor) 
 meas) as) 
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TABLE IV 

Comparison of Calculated and Measured HzO St reng th  Parameters 

Wavelength Temperature S'/d (meas. ) S'/dl) Deviation 

2.506-p 637'K 0.362 0.388 7% 

2.856-1.1 637'K 0.184 0.201 9% 

B. Comparison with unpublished data2) - hu = 25 cm'l 
accuracy 2 20$. 

I Wavelength S'/d ( 2000'K)1) S'/d ( 2000'K)2) Deviat ion 

S'/d (1273 .K)  S'/d (1273.K) 

0.48 

0.50 

' 1) Calculated from Equations (11) or (12), 

2) Data dupplled by NASA Marshall Space F l i g h t  Center. 
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TABLE V 

R e l a t i v e  ( t o  Nitrogen)  Foreign Broadening CoefCicients  ( F )  
and S e l f  -Broadening . t o  Nitrogen Brloadening C o e f f i c i e n t s  ( h )  

Absorber Broad ener  E3 F 

2.65 
0.91 

2 - + 0.4 

1.0 

A l l  C 0 2  bands 
a t  room temp, (1.4) 

7 

a t  room temp. (16) 
1.30 + 0.08 

2.0 + 0 . 5 ~  
(where i s  COz 

p r e s s u r e  i n  
atms. ) 

- 

C 0 2  4.3-11 band ( 1 4 )  
a t  room temp. 

- 
02 

'e 
A 

0.81 
0.5'3 
0.78 

co 2 1 .3  t o  
1.8 
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Fig. 4 Experimentally measu-rsd spect-l'um of' water vapor  
near 2.506-p, (3990 z ~ i - ~ ) ,  at 12'73°K and 312 Tor r .  
The ce1.1 length is 8 in. The i n t e g r a t e d  absorp- 
t ance  was measured between t h e  1 l - r l i . t  :j indLt:ated 
by t k  dashed l i nes .  Peak t ransmi t tance  measure- 
meat i n d i c a t e d  by arrow. 
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F i g .  6 Gas c e l l  f u r n a c e  s7ectrorrieter system. Two f u r n a c e s  
in ser ies .  3 2 c k  f 'urnace o p t i c a l  path t r i p l e  
passed. 





Fig .  8 Vacuum source u n i t  of high  resolution spectrometer 
system. 
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